ces, with homogeneous contrast enhancement. Migration of meningioma cells from the tumor margin along the dura appears as a tail of enhancement that is characteristic but not pathognomonic for the diagnosis. Hyperostosis or frank invasion of adjacent bone structures, particularly in the sphenoid wing, is also seen. The degree of edema can vary widely: small meningiomas are often associated with an inordinate amount of cerebral edema, whereas larger tumors may present with little to no associated edema. Causes of edema are likely multifactorial and due to brain invasion, venous congestion, and release of vasoactive peptides. 24 Cerebral angiography can demonstrate arterial supply to the tumor and can also be used to reduce vascularity by administration of small particle or glue embolization. 18 Angiography is also useful for determining if a venous sinus is patent, although MR imaging may provide similar information. 20 
SURGICAL TREATMENT
Excision of meningiomas continues to be the standard therapy. Because meningiomas are benign tumors frequently with a defined border, complete resection theoretically accomplishes a cure of the disease. Furthermore, resection can reduce focal neurological deficits and provide relief from mass effect. The Simpson grade was designed to correlate completeness of resection with risk of tumor recurrence (Table 1) . 29 Even complete resection with a margin of uninvolved dura is associated with tumor recurrence. 2 In addition, complete excision carries potential risks that may be significant depending on the location of the tumor. Although complete resection of cavernous sinus meningiomas has been proposed, the debilitating and disfiguring cranial neuropathies, as well as potential ischemic injury, make this option untenable. 6, 7, 22 Foramen magnum and petroclival meningiomas are associated with risk of lower cranial nerve dysfunction and cerebrospinal fluid leakage; the tumors that invade or occlude the posterior sagittal sinus and torcula carry unacceptable risks of venous infarction. The development of modern radiosurgical techniques has provided an adjunct, or in some cases, an alternative therapy to the conventional surgery.
STEREOTACTIC RADIOSURGERY
Stereotactic radiosurgery is defined as focused-beam radiation delivered in one session to an intracranial target and involving the use of spatially defined localization and a rigid head fixation device. A modification of this technique involves fractionated, smaller-dose radiation delivered stereotactically and is called stereotactic radiotherapy. Typically, stereotactic radiotherapy involves relocatable, nonrigid skull fixation for its stereotactic localization. As will be discussed in the proceeding section, the theoretical benefit of fractionation over SRS for treatment of meningiomas is minimal.
Stereotactic radiosurgery is predominantly delivered using one of two types of devices: the gamma knife or modified LINAC. In GKS, 201, 60 Co sources are focused on the target by interchangeable helmets with 4-, 8-, 14-, or 18-mm collimators. The treatment is created by the additive effect of multiple isocenters of radiation that results in a high dose of radiation delivered in a highly conformal manner. Similarly, LINAC can produce the same effect by moving a single beam of radiation in arcs around a patient's head. The size of the beam can also be collimated, thus improving conformity of the plan.
In GKS, a Leksell G stereotactic coordinate frame is placed after administration of a local anesthetic agent. Given the spatial constraints of the Leksell frame and the gamma knife helmet, it is critical to center the tumor in the frame; for parasagittal tumors, the base of the frame will need to be at the level of the orbits. A contrast-enhanced MR imaging study is then performed, or computerized tomography scanning in patients in whom MR imaging is contraindicated due to the existence of a device such as a cardiac pacemaker. Treatment planning is performed using the interactive computer program that also provides important information such as isodose curves, as well as tumor and prescription volumes with dose-volume histograms (Fig. 1) . Following the treatment, the patient is observed overnight for immediate side effects such as seizures. We do not routinely treat patients with corticosteroid agents after radiosurgery, unless they are already receiving this medication. Follow-up examination involves MR imaging studies obtained at 3 and 9 months after treatment and then annually thereafter. Because of their indolent nature, meningioma regression is not expected in the first few years of observation.
RADIOBIOLOGY AND DOSIMETRY
A critical concept in understanding the radiobiology of SRS is the ␣/␤ ratio. Each type of tissue has a measurable ␣/␤ ratio that reflects the survival of cells in relation to the dose of radiation. This ␣/␤ ratio is the key to determining the BED, which allows different radiation fractionation schemes to be compared. The following formula is used: BED = nd(1 + d/␣/␤), where n equals the number of fractions and d equals the dose per fraction.
Meningiomas have a low ␣/␤ that is characteristic of late-responding tissues such as benign tumors and normal brain. A low ␣/␤ translates into a higher BED for any given single fraction of radiation. 15 This means that benign tumors such as meningiomas can receive a lower dose of radiation, yet have the same biological effect as a higher single fraction targeting a malignant tumor. Fractionation schemes are less important in meningiomas because both the brain and tumor have similar late-responding properties, and therefore there is no biological difference in ␣/␤ to exploit. Additionally, the highly conformal nature of radiosurgery in conjunction with the distinct tumor-brain border allows the high BED of a single dose to be restricted to the tumor.
The ␣/␤ of different tissue types determines the optimal dose range for each tumor type. Other important factors in determining the dose prescription include tumor volume, proximity to sensitive structures such as optic nerve, facial nerve, brainstem, and eloquent brain, and previous or future irradiation. The traditional optimal radiosurgery treatment size is less than 3 cm in diameter, but this is arbitrary. A larger treatment volume requires a lower dose to prevent undue risk of radiation necrosis. Treatment parameters that measure dose-volume relationships such as the 10-Gy volume are important to understand because they provide a benchmark for determining radiation risks. 4 A suggested prescription dose at the tumor margin for meningiomas is 18 Gy (Ͻ 1 cm), 16 Gy (1-3 cm), and 12 to 14 Gy (Ͼ 3 cm). An alternative guideline is to follow the integrated logistic model for 3% risk of complication.
The accepted safe dose to the optic nerve is 8 Gy, although doses up to 10 Gy have been reported without causing optic nerve injury. 16, 19, 23, 35 We continue to recommend 8 Gy as the maximum optic nerve dose because of the serious consequences of radiation necrosis in this area. This constraint often lowers the margin dose for meningiomas in the parasellar/cavernous sinus region. The allowable dose to the brainstem and acoustic and facial nerves often restricts the dose given to meningiomas in the cerebellopontine angle and petroclival region. The brainstem can tolerate up to 15 Gy, but facial nerve injury and decreased hearing can result with doses in this range when applied to acoustic tumors. 8 Lowering the dose to 12 Gy in the treatment of acoustic neuromas has reduced the incidence of facial nerve injury to less than 5%. 25 Depending on the volume, meningiomas along the skull base in the posterior fossa should receive a maximum of 12 to 16 Gy.
In contrast to other cranial nerves, the motor cranial nerves in the cavernous sinus appear most resistant to radiation. Few oculomotor abnormalities are described after radiosurgical treatment involving the cavernous sinus. 19 Trigeminal neuropathy is a more frequent complication, with a dose of 19 Gy appearing to be a threshold for injury in some series. 19 In our currently recommended dose range, trigeminal nerve dysfunction should rarely be a problem.
Recently, critics of radiosurgery have pointed to anecdotal cases of malignant degeneration within a treated schwannoma or the development of a high-grade glioma in brain region adjacent to a treated meningioma as a harbinger of significant future risks. 11, 36 Although the risks of low-dose radiation for oncogenesis are well documented, at this time the failure of cases involving radiosurgery to rise above a few isolated reports makes the magnitude of this potential complication much lower than that known for conventional fractionated radiotherapy.
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ANATOMICAL LOCATIONS
Overall treatment results for meningiomas are excellent. Stafford, et al., 32 reported on 190 consecutive patients with benign and malignant meningiomas treated by GKS between 1990 and 1998. Seventy-seven percent involved the skull base, and 12% were atypical or malignant. The median prescription isodose volume was 8.2 cm 3 and the median tumor margin dose was 16 Gy (range 12-36 Gy). The median imaging and clinical follow-up periods were 40 and 47 months, respectively. The overall 5-year survival rates for patients with benign, atypical, and malignant meningiomas were 92, 76, and 0%, respectively. The median survival for patients with malignant meningioma was 27 months. An overall local control rate of 91% was demonstrated with 56% of the lesions showing a decrease in size. The 5-year local control rates for benign, atypical, and malignant tumors were 93, 68, and 0%, respectively. Notably, tumor margin doses did not correlate with local control rates. The poor outcomes in cases of malignant meningiomas have been confirmed by others. Assuming that these tumors behave more like early-responding tissue types (with a high ␣/␤), radiobiology principles predict that higher doses will be needed to control malignant meningiomas compared with the benign form. Complications related to GKS were observed in 13% of patients, with new cranial neuropathies developing in 8% and radiation-induced T 2 -weighted MR imaging signal changes demonstrated in 3%. These results are echoed in other large series of overall results with meningiomas.
10,14
Parasagittal Location
Meningiomas attached to the convexity and falx along the posterior two thirds of the superior sagittal sinus are difficult to manage surgically because of the risk of sinus thrombosis and damage to adjacent draining veins. Radiosurgery is an attractive alternative to surgery as the primary treatment for small meningiomas as well as being useful as an adjunct for residual tumor after conventional resection. Kondziolka, et al., 13 reported a 16-center retrospective study of 203 patients treated by GKS. The median tumor volume was 7.5 cm 3 , the median tumor margin dose was 15 Gy (range 9-32 Gy), and the median imaging follow-up period was 3.5 years. The 5-year local control rate was 67%. In multivariate analysis the authors found that tumor volume greater than 7.5 cm 3 and the presence of a neurological deficit predicted worse tumor control. The 3-and 5-year actuarial risk of developing symptomatic cerebral edema was 16%, with the only significant factors being a previous neurological deficit and no history of resection. In every case, the edema resolved within a median interval of 15 months.
Singh, et al., 30 have reported a higher incidence of symptomatic edema in cases of parasagittal tumors than in other tumor sites. Of 16 patients with adequate follow-up data, six (37.5%) had perilesional edema and four (25%) were symptomatic; no risk factors could be correlated with this finding. Our own anecdotal data support the notion that treatment of parasagittal and convexity meningiomas results in a higher incidence of perilesional edema. In addition to the aforementioned risk factors, treatment of parasagittal tumors exposes a larger volume of brain, including both the mesial and superior cortical surfaces, to radiation compared with skull base tumors.
Radiosurgery can be considered a sole treatment for tumors less than 3 cm that do not cause neurological deficits. Symptomatic tumors and those larger than 3 cm should be treated by resection and then by radiosurgery targeting areas of residual tumor. Additionally, a biopsy sample should be obtained or subtotal resection performed when the diagnosis is in question; dural metastases, sarcomas, and malignant meningiomas may mimic a benign
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Stereotactic radiosurgery for meningioma meningioma. Tumors involving the superior sagittal sinus can be debulked, with the portion left in the sinus to be treated with radiosurgery. We have not noticed any complications related to treatment of tumor in any venous sinus. When designing the treatment plan, it is critical to determine the degree of infiltration along the falx both rostrocaudally and anteroposteriorly (Fig. 2) . If feasible, the entire dural tail should be covered because the tumor tends to recur at the untreated margin. Although their greatest diameter is often small, meningiomas may be quite long, which will increase the tumor volume. It is strongly recommended that tumor outlines be drawn and volumes calculated before determining a final dose.
The best treatment for parasagittal meningiomas for which SRS is unsuccessful is not clear. In most cases, the pattern of failure will be at the margin of the original treatment volume or at a distant site, thus making additional radiosurgery an option. Inevitably, some overlap of brain irradiation will occur, raising the risk of radiation necrosis. When feasible, we recommend resection, with or without fractionated radiotherapy, of the recurrent tumor; we reserve repeated radiosurgery for unresectable tumor or the next tumor recurrence.
Cavernous Sinus
Although enthusiasm for radical cavernous sinus surgery peaked in the past decade, the high rates of morbidity resulting from the attempt to achieve a complete removal of tumor from the cavernous sinus, in addition to strides made in radiosurgical technique, have reversed this trend. In numerous clinical studies investigators have confirmed that radiosurgery is an effective and safe treatment for cavernous sinus meningiomas. 3, 17, 21, 26, 28, 31, 32 Lee, et al., 17 reviewed 176 consecutive patients treated with GKS (1987 GKS ( -2000 . Eighty-three patients (52%) underwent primary radiosurgery, and in 76 (48%) at least one prior resection had been performed. The median tumor margin dose was 13 Gy (range 8-25 Gy). The actuarial 5-and 10-year tumor control rate was 93% for the entire group, whereas in the 83 patients in whom radiosurgery was the sole treatment the 5-year control rate was 96.9%. Tumor volume decreased in 34% and was stable in 60%. As noted previously, the oculomotor nerves are resistant to radiation-related effects; in fact, improved function was demonstrated in 25 patients. Complications occurred in 11 patients (6.7%), with three patients experiencing delayed visual deterioration. In two cases, the recalculated optic nerve doses were 12 Gy, which is higher than that normally considered safe. Leber, et al., 17 analyzed cranial nerve toxicity in 50 patients who underwent GKS for various tumors. They reported an actuarial incidence of optic neuropathy of 0, 26.7, and 77.8% in patients who received less than 10 Gy, 10 to 15 Gy, and greater than 15 Gy, respectively, to the optic apparatus. Ove, et al., 23 found a 0% rate of optic nerve injury after treating their patients, who harbored parasellar lesions, with an optic nerve dose of less than 8 Gy.
Vascular injury in the cavernous sinus appears to be rare following SRS. Stafford, et al., 32 reported permanent neurological deficits secondary to ICA injury in two of 66 patients with cavernous sinus meningiomas treated by GKS. In one patient 50% stenosis of the ICA occurred 60 months after radiosurgery, and in the other patient a complete occlusion of the ICA developed 35 months after radiosurgery. The ICA radiation dose exceeded 25 Gy in both cases. Roche, et al., 26 described one patient of 92 with a cavernous sinus meningioma in whom occlusion of the ICA developed 13 months after GKS. She experienced a transient central facial palsy from which she recovered fully without treatment within a few days. The calculated ICA dose in her case was 36 Gy. Our own results with cavernous sinus meningiomas have not been associated with any cases of carotid injury.
Linear accelerator-based radiosurgery has been shown to yield similar results in cavernous sinus meningioma. Spiegelmann, et al., 31 reported on 42 patients who underwent SRS between 1993 and 2001 (a median follow-up time 36 months). The median tumor volume was 8.2 cm 3 , and the mean tumor margin dose was 14 Gy. The 3-and 7-year actuarial tumor control rate was 97.5%. The rate of cranial nerve side effects was low: one patient (2.4%) suffered a visual field cut at an optic pathway dose of less than 10 Gy, and two patients (4.8%) developed transient trigeminal neuropathies. An improvement in existing cranial nerve deficits was demonstrated in 20%. Chang and Adler 3 reported similar results in their series of 55 patients followed for 48 months after LINAC-based radiosurgery. A mean tumor volume of 7.33 cm 3 was treated at a mean dose of 18.3 Gy. The 2-year actuarial control rate was 98%, and 5% of the patients developed new permanent symptoms. Neurological improvement was observed in 27%.
Because of its high rate of tumor control and minimal rate of morbidity, SRS as the sole therapy should be considered the standard of care for cavernous sinus meningiomas smaller than 3 cm in diameter (Fig. 3) . Craniotomy for debulking and decompressing the optic apparatus is still indicated for larger tumors and those that compromise vision. Additionally, tumors that abut the optic pathways, but do not cause compression or visual loss, may require debulking to achieve adequate separation from the optic nerves to allow an appropriate radiosurgical dose while the limiting radiation to the optic apparatus dose to less than 8 to 10 Gy. It is important to visualize the entire optic pathway from the orbit to the optic chiasm and tract; in cases involving anterior cavernous sinus and medial sphenoid wing meningiomas, the dose limiting isodose line may contact the optic nerve in the orbit. Repeated radiosurgery may be necessary in patients in whom initial SRS fails because resection is not beneficial. Alternatively, fractionated radiotherapy can be attempted.
Petroclival Location
Petroclival region meningiomas are challenging to treat surgically because they are often intimately associated with multiple lower cranial nerves and the brainstem and because their extensive dural attachments along the skull base make complete resection impossible. Subach, et al., 33 retrospectively analyzed 62 cases treated with GKS, of which 39 patients (63%) had undergone at least one prior resection. The mean tumor volume was 13.7 cm 3 , and the mean tumor margin dose was 15 Gy. Neurological improvement was seen in 21%, whereas 13% worsened. Tumor volumes decreased in 23%, remained stable in 68%, and increased in 8%. New cranial nerve deficits developed within 24 months of GKS in five patients (8%), but resolved completely in two.
Because petroclival meningiomas tend to present as larger tumors, surgical debulking plays a much greater role in their treatment than in cavernous sinus meningiomas. Small tumors, including those causing neurological deficit, may be appropriately treated with SRS alone because an improvement in symptoms can be seen. Large tumors should be surgically debulked first, and radiosurgery undertaken postoperatively for remnants. Location of the seventh to eighth cranial nerve complex should be identified so that the radiation dose in this area does not exceed 12 Gy.
CONCLUSIONS
The efficacy of SRS in the treatment of meningiomas is well established. Resection remains the primary treatment, however, for symptomatic and large tumors. A new treatment paradigm of conservative resection coupled with postoperative radiosurgery provides high tumor control rates and a low risk of complication, which ultimate-
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Stereotactic radiosurgery for meningioma line (green) is in contact with the optic chiasm and will limit the dose. Assuming that the 20% line receives 8 Gy, the maximum dose to this tumor can be as high as 40 Gy, or 20 Gy to the 50% line. In this patient, a 16-Gy margin dose was delivered to the 50%, which means that 6.4 Gy was delivered to the edge of the optic chiasm. Lower: Image showing the tumor in relationship to the carotid artery, temporal lobe, and brainstem.
